During development glial cell are crucially important for the establishment of neuronal networks. Proliferation and migration of glial cells can be modulated by neurons, and in turn glial cells can differentiate to assume key roles such as axonal wrapping and targeting. To explore the roles of actin cytoskeletal rearrangements in glial cells, we studied the function of Rho1 in Drosophila developing visual system. We show that the Pebble (RhoGEF)/Rho1/Anillin pathway is required for glia proliferation and to prevent the formation of large polyploid perineurial glial cells, which can still migrate into the eye disc if generated.
Introduction
In the context of a growing nervous system, neurons, glia, and their precursor cells tightly coordinate cell proliferation and migration. During Drosophila larval eye development, perineurial glia (the outermost glia subtype) migrate from the optic lobe towards the optic stalk and the basal surface of the eye disc, along the two subperineurial glial cells 1 . Migration of perineurial glia into the eye disc is abrogated if the expression of the aPS2/bPS integrin heterodimer is repressed, causing a loss of focal adhesions and a reduction in the stiffness of the extracellular matrix layer (neural lamella) 2-4 . Once perineurial glia contacts the Therefore, we investigated the mechanism for the compensatory response in glia. Glia nuclear area, defined by the expression of the glia-specific transcription factor Repo, was significantly increased upon Rho1 knockdown ( Fig. 1D-F) . Furthermore, glial cell ploidy was also highly increased to an average of 15n, ranging from 8n to 25n (Fig. 1H ). In control discs only the two subperineurial glial cells were significantly polyploid (10n), as previously described 1, [12] [13] [14] . This ability of Rho1 depleted glial cells to compensate for a reduced number and sustain a normal domain of association to neurons is not a general phenomenon. Other conditions where the number of glial cells in the eye disc is reduced, such as glial-specific knockdown of integrin aPS2 failed to display adaptability 2 . Nevertheless, a similar phenotype has been observed upon overexpression of the E3 ubiquitin ligase Fizzy related (Fzr) protein in perineurial glia 1 . Rho1 knockdown caused high adult lethality ( Fig. 1I ), which could be due to its role in maintaining the integrity of the blood-brain barrier 28 .
We next aimed to identify the pathway of Rho1 upstream regulators and downstream effectors required to prevent polyploidization of eye disc glial cells. Rho guanine nucleotide exchange factors (RhoGEFs) regulate the activation of Rho family members. Pebble (Pbl), the fly ortholog of vertebrate ECT2, is essential for the formation of a contractile ring and the initiation of cytokinesis, acting at the cell cortex as a Rho-specific RhoGEF 29 . Human Ect2 also activates RhoA at the onset of mitosis to induce the actomyosin remodelling that drives both mitotic rounding and cortical stiffening 30, 31 . Interestingly, in a similar manner to Rho1 knockdown, expression of a UAS-pebble(pbl) RNAi construct with repo-Gal4 led to a reduction in number and polyploidization of glial cells in the eye disc ( Fig. 2A , compare with Control Fig. 1D ). In contrast, neither RhoGEF2, a regulator of cell shape changes during Drosophila embryogenesis 32,33 , nor the single Drosophila Rho GDP dissociation inhibitor (RhoGDI) 34 were required for the control of proliferation/polyploidization in glial cells ( Fig. 2B , C). Phenotypes for all the genes tested in this study were confirmed by using at least a second nonoverlapping RNAi line. Pebble(RhoGEF)/Rho GTPase control several pathways during cytokinesis including the recruitment of the formin Diaphanous to the equatorial cortex to stimulate F-actin assembly 35 , and the activation of Rok/ROCK (Rho-associated protein kinase) and Citron Kinase, which activate non-muscle myosin II [36] [37] [38] . Interestingly, we observe that anillin a scaffolding protein, encoded by scra, which links contractile elements within the furrow to the plasma membrane and to microtubules [39] [40] [41] was required for glial ploidy control ( Fig. 2D ), while ROCK was not ( Fig. 2E, F) . The latter result is in accord with a more crucial role for Citron Kinase than for ROCK during cytokinesis 42 . Overall, we showed that the Pebble(RhoGEF)/Rho1/Anillin pathway regulates the ploidy level of retinal glia in the eye disc.
Regulation of the glia-specific Rho1 knockdown phenotype by JNK, Yki and Myc pathways
While the formation of polyploid cells has been implicated in genomic instability and cancer 43 , it is also a physiological mechanism associated to the differentiation of some cell types, such as megakaryocytes that undergo endomitosis as a failure of late cytokinesis caused by defects in the contractile ring and Rho GTPase signalling 44, 45 . In the highly proliferative Drosophila wing disc, cytokinesis failure induced by knockdown of the Septin peanut (pnut) caused the formation of tetraploid cells and massive apoptosis that was dependent on Jun N-terminal kinase (JNK) activity 46 . Interestingly, in Rho1-knockdown glial cells the resulting increase in ploidy is not significantly rescued by the co-expression of a dominant-negative version of JNK 
Rho1 functions in perineurial glia to inhibit eye disc glia polyploidization
To further understand which glia subtypes require Rho1 function to control eye disc glia number and ploidy, we analysed Rho1 expression in the different glia layers. We used an anti-Rho1 antibody (Fig. S3A, B) , and a GFP trap inserted in the Rho1 gene (encoding Rho1-GFP; Fig. S3C ). The expression patterns obtained with both approaches were very similar. Rho1 was detected in subperineurial glial cells and in perineurial glia. Next, we induced Rho1 inhibition using glia-subtype specific drivers. When dominant-negative Rho1 DN is expressed under the control of a subperineurial-specific driver, (moody-GAL4) 51, 52 , no significant change in the ploidy of glial cells in the eye disc was observed ( Fig. 3A, B ). However, when Rho1 DN was expressed specifically in perineurial glia using the C527 driver 5 , the main features of pan-glial Rho1 depletion were recapitulated. Mainly, the number of glia in the eye disc was markedly reduced and its nuclear size significantly increased ( Fig. 3C , D, arrowheads). The nuclear size was already increased when cells entered the optic stalk to migrate toward the eye disc ( Fig.   3D , arrowheads). Interestingly, the glia nuclear size in the optic lobes was less affected ( Fig.   3C , D, asterisks). Wrapping glia is the third glia subtype identified in the eye imaginal disc.
When Rho1 was depleted using a wrapping glia-specific driver (Mz97-GAL4), 5 we detected no significant differences in cell numbers of total glia and differentiated wrapping glia, nor in nuclear sizes ( Fig. 3E -G). Thus, Rho1 is not required for the maintenance of a differentiated and diploid status in wrapping glia. To exclude the possibility that using the Mz97-GAL4 driver significant inhibition of Rho1 is only achieved after cells are already committed to differentiation, we evaluated differentiation upon earlier and pan-glia Rho1 repression using repo-Gal4 and the sprouty-lacZ differentiation marker 53 . Interestingly, we detected expression of sprouty-lacZ in a large subset of the polyploid glial cells induced by Rho1 knockdown (Fig.   3H , I). In fact, the percentage of differentiated wrapping glial cells increases from 49 % in control to 69 % in Rho1 RNAi (Fig. 3J ). Thus, our results suggest that Rho1 knockdown in perineurial glia induces polyploidization, but subsequently Rho1 is not required for the commitment of polyploid cells to the wrapping glia fate.
Rho1-depleted glia initiate axonal wrapping but fail to complete ensheathment of 8-axons fascicles
In control eye discs, differentiated wrapping glia contact and initiate wrapping of nascent photoreceptor axons 1,2 ( Fig. 4A ). However, when we expressed Rho1 RNAi we observed a decrease in the total number of wrapping glia nuclei in the eye disc and in the optic stalk ( Fig.   4B ). To evaluate if axonal wrapping is regulated by Rho1, we first analyzed glia membranes through the expression of the membrane marker CD8-GFP. This analysis showed that in the eye disc Rho1-depleted glia is still capable of extending membrane projections to initiate axonal wrapping in a similar fashion to control, with axons projecting to the optic stalk ( Overall, our results show that Pebble(RhoGEF)-Rho1-Anillin are specifically required in perineurial glia to limit polyploidization, and that glial cells display high plasticity and adaptability to the polyploid status being able to differentiate and to initiate photoreceptor axonal wrapping. However, Rho1 function is necessary for the later ensheathment of 8-axons fascicles and viability, which is a question that will be interesting to approach in future work.
Material and Methods

Fly husbandry
Most crosses were raised at 25 °C under standard conditions. The following stocks (described in FlyBase, unless stated otherwise) were used: repo-Gal4 , c527-Gal4 5 ; moody-Gal4 51,52 , Images were obtained with the Leica SP5 confocal system and processed with Adobe Photoshop. Glial cells were counted, glia-covered eye disc area and glia nuclear area measured in Fiji. Mean and standard deviation were calculated for each case using GraphPad Prism.
Ploidy quantification DAPI quantification protocol was described before 14 . DAPI staining was at 100 ng/ ml DAPI in 1× PBS containing 0.1% Triton X-100 for 2 h at room temperature. DAPI fluorescence intensity was measured using Fiji software. The corrected total integrated density (CTCF) was calculated for each nucleus using the following function: CTCF=integrated density -(area of selected nucleus × mean fluorescence of background readings). Background readings were made by measuring the fluorescence three times in regions in which no nuclei were present. Ploidy was then calculated by normalizing each glia (repo positive) nucleus to the average of 10 Elav-positive diploid photoreceptors, imaged on the same eye disc with the same laser settings.
Statistical analysis
To determine the statistical significance of the glial cell number, glia nuclear area, and C-value comparisons in Fig. 1 we applied 
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